Abstract. We propose an improved version of a synthetic aperture focusing technique (SAFT) based on a delaymultiply-and-sum algorithm for acoustic-resolution photoacoustic microscopy (AR-PAM). In this method, the photoacoustic (PA) signals from multiple scan-lines are combinatorially coupled, multiplied, and then summed. This process can be considered a correlation operation of the PA signals in each scan-line, so the spatial coherent information between the PA signals can be efficiently extracted. By applying this method in conventional AR-PAM, lateral resolution and signal-to-noise ratio in out-of-focus regions are much improved compared with those estimated from the previously developed SAFT, respectively, thereby achieving the extension of the imaging focal region. Our phantom and in vivo imaging experiments prove the validity of our proposed method.
Introduction
Photoacoustic imaging (PAI) is one of the fastest growing biomedical imaging modalities based on the photoacoustic (PA) transduction from light to sound. When ultrashort-pulsed laser illuminates biological tissues, wide bands of acoustic waves can be generated through transient thermoelastic expansion. The induced PA wave travels through a medium and is detected by an ultrasound (US) transducer. Then the PA images can be reconstructed via an imaging process algorithm.
PAI noninvasively obtains the optical absorbing properties of biological tissues with high ultrasonic resolution in deep tissues. 1, 2 In general, physiologically important molecules such as hemoglobin and melanin are considered good intrinsic chromophores. Thus, label-free PAI is appropriate for vasculature structure imaging, [3] [4] [5] tumor prediction, 6 epidermal melanin measurement, 7, 8 and monitoring oxygenation in blood vessels. 9 Extrinsic contrast agents (e.g., metallic, carbonic, and organic nanostructures) have been widely investigated for contrastenhanced PAI. [10] [11] [12] [13] [14] [15] [16] [17] [18] As one of the PAI modes, scanning-based PA microscopy (PAM) has been significantly investigated and used in biological studies. With a single laser shot, one-dimensional (1-D) PA images (referred to as A-lines) can be acquired by measuring the times of arrivals of PA signals. Through raster scanning along the two transverse directions, volumetric PA images can be obtained. Beyond one optical transport mean free path in biological tissues, the lateral and axial resolutions of PAM depend on a numerical aperture (N.A.) and bandwidth of the US transducer. This type of PAM is called acoustic-resolution PAM (AR-PAM). [19] [20] [21] Typically, AR-PAM uses a spherically focused single-element US transducer with a high N.A. and frequency to improve the PA image qualities in the focal plane. However, this improvement is limited to the focal region; the image quality in the out-of-focus region is significantly degraded.
To solve this problem, Zhang et al. 22 proposed a method to maintain a constant US focal depth from the skin surface based on the skin profile acquired beforehand. However, this method suffers from a slow image acquisition speed and a poor lateral resolution in the off-focus region. Liao et al. proposed a synthetic aperture focusing technique (SAFT) with a virtual detector (VD) concept to expand the focal region of AR-PAM. 23 SAFT is widely used in the radar and US research areas. By regarding a US transducer's traveling distance as an effective aperture, new A-lines are obtained by linearly combining appropriately delayed scan-line signals. With the coherence factor (CF), 24 ,25 1-D SAFT, 26 two-dimensional (2-D) SAFT, 27 and adaptive SAFT along the arbitrary vessel direction 28 have been suggested. The phantom and in vivo studies have shown that the SAFT improved the lateral resolution and signal-tonoise ratio (SNR) in the out-of-focus region.
In this study, we propose an improved version of the SAFT based on a delay-multiply-and-sum (DMAS) algorithm, which has been recently studied in microwave 29 and US research areas. 30 In the DMAS algorithm, the PA signals from multiple scan-lines are combinatorially coupled, multiplied, and then summed. This process can be regarded as a correlation operation of the PA signals at each scan-line, so the spatial coherent information between the PA signals can be efficiently extracted. By applying this method in conventional AR-PAM, better lateral resolution and higher SNR in out-of-focus regions are obtained than those estimated from the previously developed SAFT. Consequently, we achieve the extension of the imaging focal region.
Methods and Materials

Conventional SAFT in AR-PAM
The conventional SAFT in AR-PAM is based on a VD concept, which considers the focal point of the US transducer as the VD [ Fig. 1(a) ]. 31 The VD is assumed to detect the PA signals back and forth with a certain angular extent. During raster scanning, the PA radiation fields of the consecutive VDs overlap, so the VDs at adjacent positions can repeatedly detect the PA signals from overlapped fields. Hence, the conventional SAFT can form the new PA A-lines by combining delayed scan-line signals that are appropriately adjusted to the VD position at each scan as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 2 7 6 y SAFT ðtÞ ¼
where s i ðtÞ is the received zero-mean signal at the i'th scan; N is the number of scan-lines to be synthesized, which is determined by the angular extent of the PA radiation field; and Δt i is the time delay applied to the received signal of the i'th scan. Δt i is computed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 1 7 1
where c is the speed of sound, z is the depth of the synthesized point, z f is the depth of the VD, and r and r 0 are the depth (axial) distance and the distance from the VD to the synthesized point, respectively [ Fig. 1(b) ]. We assume that the scan-line signals are already time delayed, so we omit Δt i for notational simplicity in the following.
To improve the focusing quality, a CF is also used as a weighting coefficient. If an off-axis target occurs in the synthesized direction (i.e., scanning direction), then the delayed signals are no longer in phase. In such a case, the PA signals obtained after applying the SAFT are dominated by information from the off-axis target rather than the target in the synthesized direction. The CF is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 3 8 9 CFðtÞ
CF ¼ 1 means that the amplitude of the output should be maintained because the signals are strongly coherent; CF ¼ 0 indicates that the amplitude of the output should be decreased due to its incoherence (i.e., the presence of focusing errors). Finally, the CF-weighted SAFT output can be obtained as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 2 8 8 y SAFT-CF ðtÞ ¼ CFðtÞ · y SAFT ðtÞ:
2.2 Delay-Multiply-and-Sum-Based SAFT in AR-PAM Equation (1) can be considered a delay-and-sum (DAS) algorithm in US array signal processing. 32 The DAS algorithm is simple and robust in radar and US research fields. However, it suffers from a limited resolution and poor off-axis interference rejection, which together cause broad image clutter. To overcome these problems, we suggest a new approach based on a DMAS algorithm. Similar to the DAS algorithm, the DMAS algorithm also reinforces the PA signal components from the direction of interest by combining the delayed scan-line signals, but the delayed scan-line signals are combinatorially coupled and multiplied before summation. Thus, the DMAS output is obtained as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 7 5 2 y DMAS ðtÞ ¼
However, the output of Eq. (5) cannot be used to form PA Bscan images because it is dimensionally squared and the resultant images may be distorted. To overcome this problem, additional processing steps were added to the DMAS algorithm. 30 The new equivalent scan-line signalŝ ij ðtÞ is obtained by applying a signed geometric mean to the coupled scan-line signals as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 6 4 4ŝ ij ðtÞ ¼ sign½s i ðtÞs j ðtÞ · ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
From the signed geometry mean process, the dimensionality of s ij ðtÞ is the same as that of s i ðtÞ without losing its sign. Then the new A-line output y DMAS ðtÞ is computed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 5 5 8 y DMAS ðtÞ ¼
ij ðtÞ:
Note that direct current (DC) and harmonic components appear in the spectrum of y DMAS ðtÞ. According to the functional relationship between the time and frequency domains, the product of the two signals in the time domain is equivalent to the convolution of the spectra of the two signals in the frequency domain. Because s i ðtÞ and s j ðtÞ have similar ranges of frequency, new components centered at the zero frequency and the harmonic frequency appear in the spectrum after the coupling operation. To attenuate the DC component and to keep the harmonic signals, bandpass (BP) filtering should be applied as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 3 9 7 y F-DMAS ðtÞ ¼ h BP ðtÞ Ã y DMAS ðtÞ;
where h BP ðtÞ is the impulse response of the BP filter centered at the harmonic frequency and Ã denotes the convolution operation.
In this study, we apply this DMAS technique with some modifications. To compute the new equivalent scan-line signals in the previous DMAS algorithm, library functions such as sign, absolute, and square root were performed after coupling the signals, which require ðN 2 − NÞ∕2 computations for each point. Sometimes the computations based on these library functions require many clock cycles, so the algorithm may run slowly. To reduce the number of these computations in this study, we derive new equivalent scan-line signals by applying the sign, absolute, and square-root operations to the received scan-line signals in advance, then coupling the resultant signals as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 6 3 ; 2 0 1s i ðtÞ ¼ sign½s i ðtÞ · ffiffiffiffiffiffiffiffiffiffiffi ffi
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 6 3 ; 1 5 7ŝ ij ðtÞ ¼s i ðtÞ ·s j ðtÞ for 1 ≤ i < j ≤ N:
The resultant DMAS output is the same, whereas the computational numbers of the sign, absolute, and square-root operations are reduced to N for each point. The modified DMAS algorithm is schematically illustrated in Fig. 2 . By applying the DMAS-based SAFT (DMAS-SAFT) in AR-PAM, we can expect the following improvements compared with the previously developed DAS-based SAFT (DAS-SAFT) in AR-PAM. First, the lateral resolution will be further improved in the off-focus regions. The lateral resolution is approximately 0.71ðλ 0 ∕N:A:Þ, where λ 0 is the acoustic center wavelength and N.A. is the numerical aperture. This equation can be converted to 0.71½v s ∕ðf 0 · N:A:Þ, where v s is the speed of sound and f 0 is the acoustic center frequency. Thus, the lateral resolution is inversely proportional to the acoustic center frequency. In the DMAS-SAFT, the synthesized signals are based on the high-frequency harmonic (i.e., second harmonic), thus the lateral resolution can be improved. Second, better clutter and noise rejection will be achieved in the off-focus regions. The coupling operation of the DMAS-SAFT significantly reduces the incoherent components such as clutter and noise. Moreover, more signals [i.e., ðN 2 − NÞ∕2) are combined to compute the A-line signals compared with the DAS-SAFT (i.e., N), which improves the SNR and contrast.
Acoustic-Resolution Photoacoustic Microscopy
A commercial AR-PAM (switchable rapid-scanning PAM system, Microphotoacoustics) is utilized in our study (Fig. 3) . 33 The system provided laser pulses with a pulse repetition rate of 2.5 kHz, a pulse width of 9 ns, and a wavelength of 532 nm. The laser beam was coupled into a multimode fiber and focused by a collimator lens (f ¼ 30 mm) and objective lens (f ¼ 50 mm). Then the laser beam passed through an optical-acoustic combiner, which consisted of a right-angle prism and rhomboid prism. The generated PA signals were reflected by a thin layer of silicone oil between the two prisms, then detected by an US transducer (V214-BB-RM, Olympus-NDT) with a center frequency of 50 MHz and a bandwidth of 100%. At the end of the optical-acoustic combiner, the acoustic lens with an N.A. of 0.5 was attached. This optical-acoustic combiner was submerged in the water tank, and the z-position of the optical-acoustic combiner was adjusted to maximize the sensitivity. The laser beam and US transducer were mounted on a scanning stage (PLS-85, PI miCos GmbH, Germany) and mechanically moved in the scanning direction (i.e., along the x and y axes) in increments of 5 μm. The detected PA signals were amplified (ZX60-3018G-S+, Mini-circuit), then sampled at a rate of 500 MHz. The sampled data were stored in a personal computer for postprocessing. The laser pulse energies were measured to be 0.1 and 0.5 mJ∕cm 2 for phantom and in vivo studies, respectively, which are much lower than the American National Standards Institute safety standards (20 mJ∕cm 2 ). The experimental lateral resolution and axial resolution were 60 and 33 μm at the focal point, respectively.
Results
To investigate the DMAS-SAFT in AR-PAM, we photoacoustically imaged a 6-μm carbon fiber in water. The position of the carbon fiber was vertically varied along the z-axis with respect to the focal point of the transducer, i.e., −600 μm, −300 μm, 0 μm (focal point), þ300 μm, and þ600 μm. Through raster scanning along the two transverse directions, volumetric PA signals were obtained and processed along the x-axis with both DAS-and DMAS-SAFTs. Seventy-three scan-lines were used to synthesize the signals for both the DAS-and DMASSAFTs. The frequency range of the BP filter was 40 to 130 MHz in the DMAS-SAFT. After applying the algorithms, the envelopes of the processed PA signals along the z-axis were acquired via Hilbert transformation and then compressed logarithmically. We generated the PA B-scan images from the resultant compressed envelopes in each x − z plane and then created the PA maximum amplitude projection (MAP) images. The PA MAP images of the carbon fiber were obtained using the original method, DAS-SAFT, and DMAS-SAFT at different imaging depths (Fig. 4) Then we compared the lateral profiles of the PA images acquired using the original method, DAS-SAFT, and DMAS-SAFT at different imaging depths (Fig. 5) . Figures 5(a) To quantitatively compare the performance of each method, we calculated the full width at half maximum (FWHM) and SNR values of the lateral PA profiles. The FWHM is considered the lateral resolution of the AR-PAM system. The SNR is defined as the ratio of the maximum intensity to the average To prove the efficacy of the DMAS-SAFT, we conducted in vivo PA imaging experiments with mice. First, we noninvasively imaged the mouse abdominal region in vivo. All animal experimental protocols were approved by the POSTECH Animal Care and Use Committee. After hair depilation, the mouse was positioned on an animal stage. The mouse was anesthetized with 1% isoflurane vaporized by inhalation gas during the in vivo experiments. During the raster scanning, the body temperature was maintained at 35°C using a heating pad. A volume of 10 × 10 × 2.4 mm (x × y × z) was imaged for the abdomen [ Fig. 6(a) ]. The PA MAP images processed with the different algorithms are shown in Figs. 6(b), 6(c), and 6(d). In addition, the depth-encoded PA MAP images processed with the different algorithms are also shown in Figs. 6(e), 6(f), and 6(g). The microvasculatures are clearly visible in all three images. The specified blood vessels [white dashed boxes 1 and 2; Figs. 6(b), 6(c), and 6(d)] are examined in detail. When the SAFT is applied, the corresponding blood vessels appear to be narrower and clearer than those processed with the original method [ Fig. 6(c) ]. With the DMAS-SAFT, the resolution is further improved, so the blood vessels are imaged to be much narrower and clearer than when the other methods are used [ Fig. 6(d) ]. This comparison is confirmed by the depth-resolved PA B-scan images, which show the corresponding point targets [white arrows in Figs. 6(h)-6(m) ]. The DMAS-SAFT resolves the point targets better and provides a higher contrast and clearer edge definition than the other methods do with the same dynamic range. We also obtained the lateral PA profiles of the corresponding point targets using the different algorithms [Figs. 6(n) and 6(o)]. The DMAS-SAFT provides the narrowest lateral profile and highest image contrast.
PA images were also obtained for the vasculature distribution in the mouse's leg (12 × 20 × 3.2 mm along x, y, and z axes; Fig. 7 ). Similar to the PA images of the mouse's abdomen, the PA MAP images of the blood vessels provided by the original method away from the focus (white dashed boxes 1, 2, and 3) are broadened and unclear [ Fig. 7(b) . When DMAS-SAFT is used, the power of these artifacts is further reduced along the z-direction than those of the original method and DAS-SAFT.
Discussion
With the DMAS-SAFT, the lateral resolution is improved compared with the DAS-SAFT. In the phantom test, we confirm that the DMAS-SAFT provides a more accurate representation of the carbon fiber with narrower width than the DAS-SAFT when the carbon is located in the out-of-focus region. Therefore, the DMAS-SAFT expands the focal region and reduces the dependence on imaging depth. This improvement is also obtained in in vivo experiments. The DMAS-SAFT provides a higher SNR and finer lateral resolution than the DAS-SAFT and original method do. Due to the coupling operations, more equivalent RF signals [ðN 2 − NÞ∕2] are included and summed to compute the A-line outputs in the DMAS-SAFT compared with the DAS-SAFT (N). As a result, incoherent components such as noise are much reduced.
In in vivo experiments, the reverberation artifacts caused by strong acoustic specular reflectors such as bones can be problematic in PA B-scan images. The DMAS-SAFT attenuates reverberation artifacts further than the original method and DAS-SAFT do. This reduction by the DMAS-SAFT occurs because it can enhance the coherent components along the scanlines; as a result, the relatively less coherent artifacts are shrunk and attenuated.
However, the DMAS-SAFT has a higher computational complexity than the DAS-SAFT. To compute one pixel with N scan-lines, the DAS-SAFT requires only N additions [OðNÞ, in vivo PA experiments of the mouse leg, double-precision floating-point data with a size of 1024 × 2400 × 4000 along x, y, and z axes were used, and it took about 2 h to process the DMAS-SAFT data using a multicore CPU system (Intel ® Core I7-3820, Window 7 64 bit) with multithread processing. Although the SNR and lateral resolution can be improved by extending the US focal zone with the depth-scanning method, it would suffer from the additional image acquisition time. We expect that the processing time would be much improved using a graphics processing unit. In this study, we describe 1-D DMAS-SAFT. Simple modifications can expand this to a 2-D version as in Ref. 27 , then yield isotropic lateral resolution in both x and y axes.
Conclusion
We proposed the DMAS-SAFT for AR-PAM. In phantom and in vivo studies, we demonstrate that the DMAS-SAFT improves the lateral resolution and SNR compared with the original method and the previously developed DAS-SAFT in the outof-focus region. Therefore, the DMAS-SAFT expands the focal region and thus reduces the dependence on imaging depth. Further, the DMAS-SAFT strongly attenuates reverberation artifacts caused by bones. This reduction is a benefit of the improved ability of the DMAS-SAFT to enhance the coherent components along the scan-lines. With the computationally efficient implementation, the DMAS-SAFT can be a promising tool for AR-PAM.
